Abstract-This letter presents the implementation of RF MEMS-based phase shifter with high power handling capabilities (measured IP3 >63 dBm), high phase, and amplitude linearity (measured rms deviation <±1.56°and ±0.16 dB) for cellular applications. Two phase shifter circuits are designed and tested with steps of ±3°and ±17.5°at 900 MHz to efficiently perform an electronic beam tilt for an eight-element array with more than 0.9°accuracy and up to 10°tilt can be obtained. The measured insertion and return loss for the largest phase state are 1.3 and 13 dB, respectively. For experimental validation, a 3 × 2 array of angled dipole patch antennas is designed and fabricated and four different scans are successfully measured showing a maximum deviation of ±0.6°only for the scan angle.
I. INTRODUCTION
R F MEMS switches have been widely employed as an alternative technology for p-i-n diodes, FET, and CMOS transistors in the design of mm-wave phase shifters, since they proved to offer a substantially higher performance. Today, new RF MEMS phase shifters are being developed to target lower frequency bands with higher power handling capabilities for mobile communication systems. For example, Wispry MEMS phase shifter with switched digital capacitors is characterized by low losses (1.1 ± 0.6 dB at 1.9-2.1 GHz) [1] . Another example is the OMRON phase shifter with switched LC loads (1.8-2.1 GHz), which is capable of handling watts of power (2 3 W) with high linearity [2] .
A new single-pole-four-throw (SP4T) MEMS switch (referred to as ADG) has been commercialized by Analog Devices Inc., offering many advantages over OMRON [3] . ADG is a very low loss device operating over a very wideband (dc-14 GHz). It is characterized by high power handling capability (37 dBm), in addition to a fast switching response (< 5μs) and high reliability with a typical life time of 10 billion cycles, which make the device suitable for cellular applications. An ADG only requires a 3 V supply unlike other devices, which usually require much higher voltages. It consists of four RF switching ports that are all matched to 50 , which facilitate the integration of these devices. It also eliminates the need of LC loads, which can improve the stability and phase linearity of the circuit at high power. In this letter, programmable phase shifters with high degree of accuracy are implemented and tested using ADG to perform electronic beam tilt for 900-MHz base station antennas. Up to 16, phase states are achieved with a reduced board size when compared with the work in [2] . Fewer switches are used without any degradation in amplitude losses. This letter is an extension for the work presented in [4] .
II. CHARACTERIZATION OF THE ADG MEMS DEVICE
ADG is an SP4T RF MEMS switch packaged in a 24-lead 5 mm × 4 mm × 0.95 mm. It consists of four RF input/output ports and one RF common port. Each RF port uses three pins: a signal pin and two RF ground pins. The MEMS switch is turned ON using a power supply input of 3 V and the switching functions are controlled via another four digital control inputs (ON = 3.3 V and OFF = 0 V). The state of each digital input controls the state of the connection between each of the RF inputs to the output port. The evaluation board in Fig. 1 is used to characterize the phase and amplitude response of the device using a reference line whose length is equal to the combined length of the input and output RF ports connected to the device. The S-parameters of the five RF ports are measured to determine the phase shifts encountered by the signal at each of the four switching states. The phase shifts are later used in the design of the phase shifter to compensate for having more devices in some phase states when compared with others. Other parameters provide a rough estimate for the amplitude losses of the phase shifter to be designed. The table described in the following lists the measured S-parameters of the device at 900 MHz. In addition, the measurements show > 25-dB isolation between the RF ports and <−35-dB crosstalk. 
II. DESIGN PROCEDURES & SIMULATION RESULTS
ADG switches are designed carefully to handle high power levels as discussed in [3] . Accordingly, the phase shifter circuit layout is designed using four layers of copper to increase the available area for heat dissipation from the device. The layers are connected using multiple vias placed every 0.2 mm reducing the thermal resistance from the IC to the dissipating planes. The material is also selected to have a lower dielectric constant together with a high thermal conductivity (0.71 W/m/K).
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. The first board uses six MEMS devices to obtain six different phase states, which are formed by combining the labeled tracks in Fig. 2 as follows: Tr1 and Tr3; Tr2 and Tr3; Tr1, Tr4, and Tr5; T2, Tr4, and Tr5; Tr1, Tr4, and Tr6; and Tr2, Tr4, and Tr6. Tr1 is the reference line with 0°. The phases added by Tr2, Tr5, and Tr6 are , 2 , and 4 , respectively. The length of Tr4 can take any value, here, it is selected to have enough space for the dc wiring. Tr3 is equal to twice Tr4 plus m, where m is the phase shift through devices no. 5 and 6. Six different combinations can thus be formed from 0 to 5 with a step of . is calculated such that more than 1°accuracy for beam tilt can be obtained at 900 MHz and = 3.24° [2] . The RF tracks are designed using finite grounded 50-coplanar waveguide as suggested earlier by the study presented in [4] . Full wave simulation is carried out for each track by applying a discrete port excitation to the footprints of each device such that it connects the signal pad to the ground pad, as shown in Fig. 3 . A tapering is performed on the signal line width (0.38-0.3 mm), as well as the gap width (0.3-0.2 mm) to match the layout of the pins. This tapering is done carefully, and the length of the tapered line is optimized to avoid impedance mismatches. The second phase shifter consists of two stages, and each uses two devices to switch between four tracks whose lengths are designed to form a phase step of δ = 5 (Fig. 2) . The phase shifter is used to obtain a maximum phase shift of 20δ, which is required to obtain more than ten-beam tilt for an eight-element antenna array. Fig. 3 shows the simulated phase curves of all the signal tracks (T r n ) in each circuit.
IV. MEASUREMENTS OF THE PHASE SHIFTERS
Figs. 4 and 5 show the measured phase response, insertion loss, and VSWR for all the phase states. Table II shows a comparison between the simulation and measured results. Fig. 3 . Simulation results for the tracks labeled in Fig. 2 for the small and large step phase shifters, where x is the phase shift through one device. Knowing that the MEMS devices were not included in the simulation setup explains the differences in amplitude losses between the simulation and measured results. The amplitude and phase rms deviation of all the phase states in Fig. 5 point to a maximum deviation of ±0.9°and ±0.16 dB for the small step, and ±1.56°and ±0.155 dB for the large step phase shifter. Furthermore, a linearity test is conducted with two single tone signals (940 and 960 MHz) in Fig. 6 . Table III shows a comparison between the large step ADG phase shifter presented in this letter, Wispry, and OMRON phase shifters. WiSpry offers the best accuracy with more than 350 phase states using a very small board size. However, it uses a large number of integrated digital capacitors as the switching element, which makes it suffer from poor linearity Measured IL, VSWR at 900 MHz, and rms deviation, where B1 and B2 are the small and large step phase shifters, respectively. at high power levels when compared with ADG and OMRON devices. On the other hand, ADG has reduced the board size of OMRON by more than half while offering more than double the number of phase states and much higher accuracy.
V. TEST RESULTS
To experimentally validate the accuracy of beam scanning, a 3 × 2 array of half-wave angled dipole patch antennas is constructed. Each of the two dipoles is printed on one side of the substrate (FR4, t = 1.6 mm). The feeding network is built using power splitters (ZAPD-2-21-3W-S+) and three ADG phase shifters to provide variable phases between the vertical elements of the array spaced by 0.6λ. Four different phase states are tested with ϑ = 0°, δ, 4δ, and 6δ phase difference between the dipoles. These corresponds to a scan angle of θ calculated = 0°, 4.64°, 18.9°, and 29°, respectively. Fig. 7 shows the measured normalized elevation beams for the four phase states showing θ measured = 0°, 5°, 19°, and 27°, which indicates an average deviation of only ±0.6°. The measured array pattern also showed a 31°of 3-dB beamwidth, in addition to a measured gain of 13.3 dBi.
VI. CONCLUSION
This letter presents the design and testing of high performance ADG MEMS-based phase shifters.
